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Abstract
Non-Fermiliquid(NFL)behaviorinthenormalstateofthe heavy-fermionsuperconductorUBe 13isstudiedbymeansoflow-
temperaturemeasurements of the specific heat, C, andelectrical resistivity, ρ, on a high-quality single crystal inmagnetic
fieldsupto15.5T.At B=0,unconventionalsuperconductivityformsat Tc=0.9Koutofanincoherentstate,characterized
byalargeandstronglytemperaturedependent ρ(T).Inthemagneticfieldinterval4T ≤ B ≤ 10T, ρ(T)followsa T3/2behavior
for Tc(B) ≤  T ≤1K,while ρ isproportionalto Tathighertemperatures.CorrespondingNon-Fermiliquidbeha viorisobserved
in C/T aswell and hintsat anearby antiferromagnetic (AF) quan tum critical point (QCP) covered by the superconducting
state. We speculate that the suppression of short-range AF correlations observed by thermal expansion and specific heat
measurementsbelow TL ≈0.7K( B=0)yieldsafield-inducedQCP, TL →0,at B=4.5T.
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1. Introduction
Unconventional superconductivity has been the subject
ofintenseresearchinrecentdecades.Ofparticularinteres t
arethosesystemsinwhichsuperconductivitydevelopsout
of a normal state that cannot be described within the
Landau Fermi liquid model. Most prominent examples
include the high- Tc cuprates [1] and the heavy-fermion
(HF) superconductors [2]. For some clean Ce-based HF
systems which are antiferromagnets at ambient pressure,
HF superconductivity has been discovered in a small
pressure range around the quantum-critical point (QCP),
where TN →0,todevelopoutofanon-Fermiliquid(NFL)
state, characterized by an unusual resistivity behavior ρ  −
ρ0 ∝ Tε  with 1 ≤ ε ≤  1.5 and a strongly T-dependent
specificheatcoefficient C/T [3,4].Thisledtotheproposal
that in these systems superconductivity ismediated by an
electronic rather than the usual elastic Cooper pairing
interaction[3].
The cubic UBe 13  is one of the most fascinating HF
superconductors [5]because i) superconductivitydevelops
out of a highly unusual normal state characterized by a
large and strongly T-dependent electrical resistivity [5,6]
and ii) upon substituting a small amount of Th for U in
U1-xThxBe13,anon-monotonicevolutionof Tcandasecond
phasetransitionat Tc2below Tc1, thesuperconductingone,
isobservedinacriticalconcentrationrange xc1 =0.019< x
<0.045= xc2[7].
In this paper, we investigate the low-temperature
normal-stateNFLbehaviorof ahigh-quality singlecrystal
ofUBe 13alsostudiedin[8,9].The T-dependencesobserved
inspecificheat(section2)andelectricalresistivity(s ection
3)resemblethosefoundforCe-basedHFsystemsnearthe
antiferromagnetic (AF)QCP.This leadsto the speculatio n
that the NFL behavior in UBe 13 is caused by a QCP at a
finite magnetic field slightly above 4T, covered by the
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superconducting (SC) phase. Indeed careful studies of the
thermalexpansion and specific heat have revealed a “line
ofanomalies”, B*(T),presumablyofshort-rangeAForigin,
inthe B-Tphasediagram,thatstartsat TL=0.7K( B=0)
andterminatesat B*(0) ≈  4.5T [9].Theseanomalieshave
beenshowntomarktheprecursorofthelowerlyingofthe
twosecond-orderphasetransitionsinthecriticalrange  xc1<
x < xc2inU 1-xThxBe13 [9].The B-Tphasediagrampresented
insection4suggestsarelationbetweenthesuppressionof
the TLanomalyinUBe 13withintheSCstateat4.5Tandthe
normal-stateNFLbehavior.
2. Specificheat
Fig. 1: Specific heat C of a UBe 13  single crystal after subtraction
fromrawdata the nuclear contributiondue toZeema n splitting of
9Bestates[10],as C/T vs  Tatdifferingmagnetic fields.Solidline
indicatesthequasiparticlecontributionassuminga naxialSCorder
parameter [10]. Inset shows 0 and 12 T data on a lo garithmic
temperaturescale.Solidanddottedlinesindicate C/T ∝–log T and
C/T= γ0  −  βT1/2,respectively.
The specific heat has beenmeasuredwith the aid of a
thermal-relaxation method at magnetic fields up to 12 T
[10]. InFigure1, theelectronic specificheatcoefficient is
displayedbetween60mKand3K.Thehighqualityofthe
single crystal is reflected in the sharpness of the phase
transition anomaly at Tc = 0.9 K (10% to 90%width: 25
mK). The equal areas construction [9] reveals a large
reducedjump ∆Csc/γnTcof2.6,whenusing γn =0.9J/K 2mol
as theelectronic specificheatcoefficientat Tc, thatwould
indicate a strong-coupling SC state. However, as can be
seenfromFigure1,inordertobalancetheentropybetween
the normal and SC states, the normal-state specific heat
coefficient has to increase towards T → 0.A very similar
observationhasbeenmadefortherecentlydiscoveredCe-
basedHFsuperconductorCeCoIn 5 [11].Theapplicationof
magnetic fields which suppress superconductivity enables
the study of the normal state specific heat coefficient C/T
down to lower temperatures. Indeed an increase of C/T
towards(1.4 ± 0.2)J/K 2molisobservedat B=12T(inset
Figure1.Here,thelow- Tupturninthe12Tdatabelow0.2
Khasbeenignored.Theoriginofthelatterisunclear, since
the expected Schottky contribution due to the Zeeman
splittingof thenuclear 9Benuclear spin stateshasalready
beensubtracted from the raw data [10]. The origin of the
normalstate logarithmic increaseof C/T, registeredat B =
12TandresemblingthatobservedforCeCoIn 5at B=5T
(≈ Bc2)[11],willbediscussedbelow.
3. Electricalresistivity
Fig.2a:Electricalresistivity ρ vsT ofaUBe 13 singlecrystalat B=
0 and differing fields; (b): the same data as in (a ), normalized to
the respective ρ(T) value at T = 1 K. Dashed line is an
extrapolationto T=0ofthedatafor T ≥0.8K.
Theelectricalresistivityofasmallpiecefromthesa me
high-qualitysinglecrystalstudiedinspecificheathasbeen
measured by utilizing the standard four-terminal ac-
technique [12]. As displayed in Figure 2a, the zero-field
resistivity ρ(T)displaysapronouncedmaximumnear Tmax
≈  2 K. From the maximum value of the resistivity an
inelasticmeanfreepathasshortasafewÅcanbeinfe rred,
indicative of an incoherent metallic state, that remark ably
shows a rather low magnetic susceptibility. This had le d
Cox [6] to propose a quadrupolar Kondo scenario for
UBe13byassuminga4+(5 f2)Uraniumvalencestatewitha
low-lyingnon-magnetic Γ3crystal-field(CF)doublet.This
scenario revealsan intrinsic  finite residualresistivity (at B
= 0) and a large negative magnetoresistance slope d ρ/dB
[13],asindeedobserved,cf.Figure2a.Ontheotherhand,
CF effects studied via specific heat [14] and Raman-
scattering[15]experimentsaswellasmeasurementsof the
non-linear susceptibility [16] seem to support a trivalent
(5f3) configuration. The resistivity maximum at 2 K
indicatesalow-energyscaleinadditiontothecharacter istic
“Kondo-lattice” scale, T*, accounting for the extremely
largeeffectivecarriermasses.Ithasbeenestimate dthat T*
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rangesfrom8K [14]to30K [17].Thisadditionalenergy
scalemanifestsitselfinadistinctmaximuminthethe rmal
expansioncoefficient [18]anda lesspronouncedshoulder
in specific heat around 2 K andmay be ascribed to local
spin fluctuations in disordered Kondo systems [9]. These
“2Kfluctuations”dominate thenormal state resistivity for
fieldsbelow4T.At larger fields,4T ≤ B ≤ 10T,weare
abletoscalethevarious ρ(T)curveswithin Tc(B) ≤ T ≤ 1.2
Ktoauniversalcurvebynormalizing ρ(T)toitsrespective
valueat1K(Figure2b).Above T ≈ 0.7K,thenormal-state
resistivityisfoundtobe proportional to T,similartowhat
has been observed for optimally doped high- Tc cuprates
[19].Atlowertemperatures, ρ(T)becomessuperlinear.
Fig. 3: Temperature dependent contribution ρ = ρ – ρ0  of the
electrical resistivity ofaUBe 13  single crystal vsT  (on logarithmic
scales)at B=8T(a)and B=15.5T(b),respectively.Insetshows
low-Tdataof(b)as ρ vs  T2.
As demonstrated in Figure 3a for the B = 8 T data,
∆ρ(T) ∝ T3/2 for Tc(8 T) ≤ T ≤  1 K. Apparently, this T
dependenceisinfullaccordwiththetheoreticalpredicti on
for a three-dimensional system of itinerant AF spin
fluctuations in the vicinity of a QCP [20,21]. At elevat ed
temperatures, the samescenario predicts a cross-over to  a
quasi-linear T-dependenceof ρ(T),asindeedobserved.As
shownintheinsetofFigure1,thespecificheatcoefficient
follows C/T ∝–log T for T ≥ 0.3Kandgraduallydeviates
to smaller values at lower T before the yet unexplained
upturn sets in at the lowest temperatures. In the limited T
range0.15K ≤  T ≤ 0.4K,thespecificheatcoefficientcan
be satisfactorily described by C/T = γ0 −  βT1/2 which is
expected along with the T3/2 behavior of ∆ρ(T) [20,21].
Thus, for 4 T ≤  B ≤ 12 T both electrical resistivity and
specific heat show NFL behavior consistent with the
nearness of an AF QCP, assuming three-dimensional
criticalAFfluctuations[20,21]andasubstantialdegreeof
potentialscattering[22].
Since magnetic fields act on the critical spin-
fluctuations associated with a magnetic QCP, a field-
induced change from NFL to FL behavior is expected in
these systems, as observed, e.g., at B0 ≈  6 T in “S-type”
CeCu2Si2 [23], B0 ≈  5T inCeCoIn 5 [24]and B0  ≈  1T in
CeNi2Ge2 [25].ForUBe 13, thiscross-over field is as large
as14Tatwhich ∆ρ(T)= A(B)T2becomesvisiblebelow0.3
K with a gigantic coefficient A. The latter is decreasing
with increasing B from 52 µΩcm/K2 at 14 T to 45
µΩcm/K2at15.5T[8,12],indicativeforthedecreaseofthe
quasiparticle-quasiparticle scattering cross section upon
tuning the system away from the QCP. Similar behavior
has been observed in the otherNFL systems aswell [23-
25].InYbRh 2Si2,whereweakAForderbelow TN=70mK
is suppressed at a critical magnetic field of Bc = 0.06 T
(appliedintheeasymagneticplane)a1/( B−Bc)divergence
of A(B) has been observed very recently [26]. A more
detailed analysis for UBe 13 is, however, hampered by the
SCphaseandthelargecross-over field B0 ≈  14T.As for
theotherNFLsystems,inUBe 13theslopeoftheisothermal
magnetoresistancechangesfromd ρ(B)/dB<0at B< B0 to
dρ(B)/dB >0 at B > B0 [12].To summarize,UBe 13 shows
striking similarities to other NFL systems with well
establishedAFquantum-criticalpoints.
4. B-Tphasediagram
As shown in the previous sections, the normal-state
behaviorofUBe 13 iscompatiblewithanAFQCPcovered
by the SC phase.Measurements of the thermal expansion
coefficient α(T)onU 1-xThxBe13 have revealed,at B =0, a
lineofanomalies TL(x)inthe T-x diagramfor x < xc1. TL(x)
marks the precursor of the lower of the two phase
transitionsat Tc2,foundfor0.019< x <0.046[9].Forpure
UBe13 a negative peak in α(T), clearly separated from the
SCphase transition,hasbeenattributedto short-rangeAF
correlations below TL ≈  0.7K.An additional contribution
that develops below TL is observed in the specific heatas
well [10]. This becomes visible upon comparing the
measured C/Tdatawiththe Tdependenceexpectedforthe
SC state (see solid line in Figure 1). The magnetic field
dependence TL(B) as determined from thermal expansion
and specific heat is plotted in the B-T phase diagram, cf.
Figure4.Most importantly, TL vanishesaround4.5T, i.e.
almost the same field above which the universal NFL
behaviorin ρ(T)isobserved.Thus,onemayspeculatethat
the pronounced NFL effects observed in the normal state
properties are related to a field-induced QCP, TL → 0 at
about 4.5 T. It is interesting to note, that a clear
enhancementof the sloped Tc(B)/dB isobservednear4T.
Whetherthis stabilizationof theSCstatemightbe relate d
tothis“short-rangeAF”QCPremainsunclear.
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Fig. 4: B-T phase diagram for UBe 13. Open circles indicate SC
phaseboundary,definedby ρ=0,asderivedfromboth T-and B-
dependent measurements of the electrical resistivit y [12]. Solid
symbols indicate “line of anomalies” B*(T) obtained from
temperature dependent thermal expansion (circles) a nd magnetic
field dependent specific heat (triangles) measureme nts,
respectively [9]. Existence ranges for different po wer-law
behaviors in ρ(T) as well as different signs of isothermal
magnetoresistancesloped ρ(B)/dBasdiscussedintext.
5. Conclusion
Wehavediscussedthelow- TbehavioroftheHFmetal
UBe13 for which an unconventional (yet not fully
identified) SC ground state forms out an also
unconventionalnormalstate.Thelattercanbestudiedonly
in relatively large applied magnetic fields at lower
temperatures,where it shows striking similaritieswith  the
normal state of other NFL superconductors, e.g. “S-type“
CeCu2Si2[23],CeCoIn 5 [24]andCeNi 2Ge2[25].At B=0,
thermalexpansionstudieshave revealedananomalyat TL
≈ 0.7K,thatappears,duetoitsmagneticfielddependence
and its negative sign, indicative of the freezing out ofA F
short-rangecorrelations[9].Weproposethatthelow-lying
3DAFspinfluctuationsresponsiblefortheNFLproperties
in thenormal stateofUBe 13 are thoseassociatedwith the
field-inducedsuppressionofthe“ TL-anomaly”at B ≈ 4.5T.
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